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abstraCt
Glycerol dibiphytanyl glycerol tetraether-based intact polar lipids (IPL-GDGTs) are used as biomarkers for 
living Archaea and are analyzed utilizing a variety of extraction and quantification techniques.  Most IPL-
GDGT studies have used a modified Bligh-Dyer extraction method, but it has been suggested that soxhlet 
extraction may be more efficient for IPL-GDGT extraction from environmental samples and biomass. We 
investigated the impact of three different extractions (soxhlet, Bligh-Dyer and accelerated solvent extrac-
tion, ASE), two IPL quantification methods and two work up techniques (Na2SO4 and SiO2 column) on the 
amount and distribution of CL- and IPL-derived GDGTs and crenarchaeol-based IPLs in marine sediments 
from the Arabian Sea and Icelandic shelf and a microbial mat from a Dutch beach. The different extraction 
procedures gave a similar yield of CL- and IPL-derived GDGTs. Direct analysis of crenarchaeol IPLs  showed, 
however, that, while GDGTs with a monohexose headgroup were not affected by the extraction method, there 
was a large effect on IPL-GDGTs containing dihexose or  hexose, phosphohexose head groups. Quantification 
of IPL-derived GDGTs by way of either separation over a silica column or by subtraction of CLGDGTs in the 
total lipid extract before and after hydrolysis gave similar results, but the ‘subtraction-method’ had a relatively 
large quantification error. However, the silica column, as well as drying over a Na2SO4 column, resulted in a 
loss of the hexose, phosphohexose IPLs by up to 80%. Based on the results, a modified Bligh-Dyer extraction 
with as little further treatment as possible is recommended to allow measurement of the full range of IPL-
GDGTs in sediments. 
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1 introduCtion
Members of the domain of Archaea occur in many extreme and moderate environments (Schleper, 2007 and 
references therein). Their cell membranes consist of distinctive ether lipids, amongst which glycerol dibiphy-
tanyl glycerol tetraether (GDGT) lipids are common (Fig. 1; de Rosa and Gambacorta, 1988; Sinninghe 
Damsté et al., 2002b). In the marine environment, the most abundant Archaea are the mesophilic Marine 
Group I Crenarchaeota (DeLong, 1992; Fuhrman et al., 1992; DeLong et al., 1998; Karner et al., 2001; 
Schouten et al., 2002), which have been recently proposed to form a separate phylum called Thaumarchaeota, 
together with other related, ammonia-oxidizing Crenarchaeota (Brochier-Armanet et al., 2008; Spang et al., 
2010). These are also the only known producers of crenarchaeol (Sinninghe Damsté et al., 2002b; Schouten 
et al., 2008; Pitcher et al., 2010), the most abundant GDGT in the marine environment (Schouten et al., 
Figure 1. Structures of CL-GDGTs (a) and IPLs with crenarchaeol as a core lipids (b) analyzed in 
this study.
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2000). In intact cells, GDGTs occur with polar head groups (intact polar lipids, IPLs; e.g. Fig. 1; Koga et al., 
1993; Macalady et al., 2004; Koga and Morii, 2005; Schouten et al., 2008; Pitcher et al., 2010), which have 
been proposed to be rapidly lost after cell death to afford the more stable core lipids (CLs; White et al., 1979; 
White and Ringelberg, 1998). Hence, analysis of IPL-GDGTs from the environment can, just as for phos-
pholipid-derived fatty acids for bacteria and eukaryotes (cf. White et al., 1979; Boetius and Lochte, 2000), 
potentially give valuable information about the occurrence of living Archaea (Sturt et al., 2004; Biddle et al., 
2006; Pitcher et al., 2011b). However, it has also been suggested that archaeal etherlipids do not degrade as 
rapidly as bacterial lipids (Harvey et al., 1986; Schouten et al., 2010; Logemann et al., 2011). 
Several techniques are available for extracting IPLs and distinguishing them from their fossil counterparts, the 
CLs. Extraction usually follows a procedure modified from Bligh and Dyer (1959). Following extraction, IPLs 
can be isolated using separation techniques varying from preparative high performance liquid chromatography 
(HPLC; Biddle et al., 2006; Schubotz et al., 2009) to SiO2 column chromatography (Oba et al., 2006; Pitch-
er et al., 2009b; Liu et al., 2011) or directly analyzed (Lipp et al., 2008; Pitcher et al., 2011b). CL-GDGTs 
can be quantified using HPLC-atmospheric pressure chemical ionization-mass spectrometry (HPLC-APCI-
MS), but IPL-GDGTs with their polar labile head groups have to be analyzed using other techniques such as 
HPLC-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS2;Sturt et al., 2004). Unfortunately, 
pure IPL-GDGT standards identical to those found in the natural environment are not commercially avail-
able, thereby hindering exact quantification of  IPL-GDGTs as ionization efficiency can vary significantly 
between IPLs (Zink et al., 2003; van Mooy et al., 2009) . Indirect quantification of total IPL-GDGTs is, how-
ever, possible after separation from CL-GDGTs and subsequent cleavage of the head groups using acid hydro-
lysis, which converts them to the quantifiable IPL-derived GDGTs (Pitcher et al., 2009b). 
Virtually all studies examining IPL-GDGTs in biomass, sediment, soil and water samples have used a modi-
fied Bligh-Dyer technique for extraction. (e.g. Biddle et al., 2006; Schouten et al., 2008; Schubotz et al., 
2009; Pitcher et al., 2011b). However, only a few studies have quantitatively examined the effect of extraction 
and work up on IPL-GDGTs. In fact, Huguet et al. (2010a) have recently suggested that Bligh-Dyer extrac-
tion, most commonly used for eukaryotic and bacterial IPLs (White et al., 1996), may be less suitable for ex-
traction of archaeal IPLGDGTs and instead Soxhlet extraction may be preferred. In addition, it was suggested 
that the concentration of IPL-GDGTs can be determined by determining the concentration of GDGTs in the 
total lipid extract before and after acid hydrolysis using the so-called ‘subtraction’ method. In this method, the 
concentration before hydrolysis represents the CL-GDGTs and the concentration after hydrolysis the IPL-de-
rived plus CL-GDGTs. By subtraction of the latter concentration from that of the former, the concentration 
of IPL-derived GDGTs can be obtained.
 To further investigate the efficiency of these extraction techniques, we compared Soxhlet and Bligh-Dyer 
techniques in quantification of CL- and IPL-derived GDGTs in sediments from the Arabian Sea and Iceland 
continental shelf, as well as a microbial mat from a Dutch beach. We compared this with accelerated solvent 
extraction (ASE), a common technique for extract ingCL-GDGTs but not IPL-GDGTs, as it is assumed to 
destroy part of the IPLs (cf. Huguet et al., 2010a). However, it has been reported that ASE at 100 °C and 20 
kPa is capable of quantitatively extracting glycolipids from heterocystous cyanobacteria (Bauersachs et al., 
2010), so we re-investigated its potential for extracting archaeal IPLs. IPL quantification was carried out by 
way of separation over SiO2, followed by acid hydrolysis, according to Pitcher et al. (2009b), and by direct 
hydrolysis according to Huguet et al. (2010a). We also directly measured IPL-crenarchaeol using HPLC-ESI-
MS2 in order to compare the extraction efficiency of the methods for different headgroups. Finally, two com-
monly used work up procedures, i.e. SiO2 column chromatography and drying over Na2SO4 and their effect 
on IPL distribution were investigated via direct measurement of IPL-crenarchaeol. 
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2 material and methods
2.1 Materials
We used two sediments and one microbial mat sediment. One sample consisted of a large freeze-dried and 
homogenized composite sample from core top sediments from various water depths (900-3000 m) collected 
from the Murray Ridge in the Arabian Sea in January 2009. A second sample was a composite sample pro-
duced from core tops collected south east and north east off the Iceland shelf in July 2011 at 240-262 m water 
depth. Finally, a homogenized microbial mat sediment from Green beach at Schiermonnikoog, NL, collected 
in June 2009 was used. The mat was a mature, as described by Bolhuis and Stal (2011), who analyzed micro-
bial diversity in a similar mat (ST3) and found an archaeal community composed mainly of Halobacteria, but 
also Marine Group I Crenarchaeota. All samples were frozen immediately after collection.
2.2 Sediment extraction and analysis of GDGTs 
Three extraction procedures were used: a modified Bligh-Dyer procedure (Bligh and Dyer, 1959) as described 
by White and Ringelberg (1998), ASE as described by Huguet et al. (2006) and Soxhlet extraction according 
to Huguet et al. (2010a). All extractions were performed in triplicate. One blank extraction with 2.0 g diato-
maceous earth was used, was performed for each extraction technique. For each experiment 2.0 g of Arabian 
Sea sediment and Iceland sediment and 3.0 g of the microbial mat were used.  
For Bligh-Dyer extraction, samples were extracted x 3  using ultrasonication in dichloromethane (DCM)/
MeOH/0.1 M phosphate buffer (PB; 2:1:0.8 v:v) at pH 7.4and the solvent collected after centrifugation. 
The combined liquid phase was adjusted to a solvent ratio of DCM/MeOH/PB 1:1:0.9 v:v and centrifuged 
to achieve phase separation and the DCM phase was collected. The extraction was repeated twice with fresh 
DCM and all DCM phases were combined. For ASE extraction, the samples were extracted after addition of 
pre-extracted diatomaceous earth in an Accelerated Solvent Extractor 200 (ASE 200, DIONEX, CA, USA) 
with a mixture of DCM/MeOH 9:1 v:v at 100 °C and 7.6 x 106 Pa. For Soxhlet extraction, the samples were 
placed in pre-extracted thimbles and extracted in Soxhlet extractors in a water bath at 60 °C using 50 ml 
DCM/MeOH 9:1 (v/v) for 72 h. 
From all extracts, the solvent was removed using a rotary evaporator and the extract redissolved in DCM/
MeOH 9:1 (v/v), filtered over a 1 cm plug of cotton wool in a Pasteur pipette and dried using a stream of N2. 
The extracts were stored at -20 °C until analysis. Each extract was dissolved in DCM/MeOH9:1 (v/v) and 
divided into aliquots. 
One (30%) was fractionated over a SiO2 column in order to separate IPL-GDGTs from CLGDGTs, follow-
ing the procedure of Oba et al. (2006) and Pitcher et al. (2009b) with some modification: the CL fraction was 
eluted with 6 ml hexane/EtOAc 1:2 (v/v) and the IPL fraction with 10 ml MeOH. To each fraction, 0.1 µg 
of an internal C46 glycerol trialkyl glycerol tetraether (GTGT) standard (Huguet et al., 2006) was added. The 
IPL fraction was  hydrolyzed for 3 h under reflux in 2N methanolic HCl to release the IPL-derived GDGTs 
(Pitcher et al., 2009b). Another aliquot of 30% was analyzed by way of a ‘subtraction technique’ as described 
by Huguet et al. (2010). It was divided into two equal parts. Each was spiked with 0.1 µg internal C46 GTGT 
standard.  One part was separated on an Al2O3 column using 3 ml hexane/DCM 9:1 (v/v) and 3 ml DCM/
MeOH 1:1 (v/v) to yield an apolar fraction and the CL-GDGT-containing polar fraction. The other half  was 
directly acid hydrolyzed as described above to give the total ‘CL+IPL-derived’ GDGTs and then separated 
over Al2O3 as described above, to yield an apolar and a polar fraction, with the latter containing the total 
(CL+IPL-derived) GDGTs. After analysis, subtraction of these values afforded the concentration difference 
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representing the IPL-derived GDGTs. These two quantification methods were only applied to the Arabian 
Sea sediment extracts. The third 30% aliquots of the extracts were directly analyzed using HPLC-ESI-MS2 for 
crenarchaeol-based IPLs. Also, 30% aliquots of the microbial mat and Iceland shelf sediments were subjected 
to this direct analysis method. 
2.3 Work up for direct IPL analysis
To test the procedures for direct analysis of archaeal IPLs, an additional, large, combined Bligh-Dyer extract 
of similar, but not identical Arabian Sea core top sediment, was obtained and divided into 9 aliquots. Three 
were not treated, three were eluted over a Na2SO4 column using DCM/MeOH 9:1 (v/v) and three were sub-
jected to SiO2 column chromatography to obtain an IPL fraction as described in Section 2.2. A composite 
Bligh-Dyer extract (several combined core top extracts) of the Iceland Shelf sediment was split into six ali-
quots, three of which were also subjected to SiO2 column chromatography, while three were analyzed directly 
for IPLs. All these fractions were analyzed for crenarchaeol-based IPLs using HPLC-ESI-MS2.
2.4 HPLC-APCI-MS and HPLC-ESI-MS2 
CL- and IPL-derived GDGTs (Fig. 1a) were analyzed using an Agilent 1100 series LC-MSD SL instrument 
according to Schouten et al. (2007b), using an internal C46 GTGT standard as described by Huguet et al. 
(2006c). 
Crenarchaeol-based IPLs were directly analyzed by way of HPLC-ESI-MS2 modified from Sturt et al. (2004) 
using a Thermo Quantum Ultra EM triple quadrupole mass spectrometer in selected reaction monitoring 
(SRM) mode (Pitcher et al., 2011b).  Crenarchaeol with a monohexose (MH), dihexose (DH) or hexose, 
phosphohexose (HPH) head group (Fig. 1b) were detected using transitions from m/z 1471 to 1292, m/z 
1634 to 1292, and m/z 1713 to 1534, respectively, with an Ar collision gas pressure of 0.8 mTorr. IPLs were 
quantified as the integrated IPL peak area response g-1 of sediment dry wt.  All samples were analyzed in du-
plicate.  Long term performance of the mass spectrometer was monitored by injecting an aliquot of a core top 
extract at regular intervals during analytical sessions. Blanks did not show the presence of any IPL-GDGTs or 
CL-GDGTs for any extraction method. In order to check for possible ion suppression effects due to matrix 
extracted from either the diatomaceous earth used in ASE or the thimbles used in Soxhlet extraction, Bligh-
Dyer extract of the microbial mat and the Iceland sediment were mixed with ASE and Soxhlet blank extracts 
and analyzed via HPLC/ESI-MS2. No ion suppression was observed. 
2.5 Data treatment
The results were statistically tested via ANOVA if normally distributed and of equal variance; if not, then 
ANOVA on ranks, where the data underwent a rank transformation before conducting the ANOVA, was 
used (Sigmastat/Sigmaplot 11.0; Systat Software Inc., 2008). Standard deviations were calculated for the aver-
age of the triplicate experiments. For the subtraction method, the standard deviation was calculated from the 
two measurements according to error propagation laws as the square root of the sum of their variance. Factor 
analysis (principal components, PCs) in order to test if all GDGTs were affected similarly by the extraction 
methods was carried out with Systat 13.0 (Systat Software Inc., 2009). 
3 results and disCussion
3.1 Efficiency of extraction for CL- and IPL-derived GDGTs
We evaluated differences in the efficiency of methods for the extraction of GDGTs from a composite marine 
sediment from the Arabian Sea. For the extracts, concentration was determined for CL-GDGTs and IPL-
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derived GDGTs using the analytical protocols based on chromatographic separation over SiO2 (Pitcher et al., 
2009) and the ‘subtraction’ method (Huguet et al., 2010). Concentrations of all GDGTs studied (Fig. 1a) 
were highly correlated with each other. A PC analysis showed that the first component explained 99.8% of the 
overall variation and all loadings exceeded 0.99. This means that all of the variation in GDGT concentration 
could be explained by the different extraction and quantification methods, he type of GDGT having no ef-
fect. Since all GDGTs were affected similarly by the extraction and analysis techniques used, we only show the 
results for crenarchaeol, but conclusions reached also hold for GDGT-0, -1, -2, -3 and crenarchaeol isomer. 
Quantification of CL-crenarchaeol (Fig. 2; white bars) using the three different extraction and two separation 
methods revealed similar results, with only Soxhlet extraction yield being slightly, but significantly higher than 
Bligh-Dyer extraction yield. This indicates that all these extraction and separation techniques are suitable for 
CL-GDGT analysis. 
IPL-derived crenarchaeol concentration (Fig. 2; grey bars) showes different patterns vs. the CL-crenarchaeol 
concentration (Fig. 2a). ASE yield was significantly lower than the Bligh-Dyer and Soxhlet yields for the IPL-
derived crenarchaeol for the separation method (Fig. 2). This is in agreement with observations by Huguet 
et al. (2010) and indicates that ASE is not an effective method for IPL analysis, most likely due to the high 
(100 °C) temperature applied, leading to partial destruction of the IPLs, or to the use of diatomaceous earth 
to which part of the IPLs may have adsorbed. The error of the ‘subtraction-method’ was substantially higher 
than that of the separation method. In this method, IPL concentration is calculated by subtracting the CL-
GDGTs from total (IPL+CL) GDGTs, both of which are in general one order of magnitude higher than the 
IPL concentration. This leads to a lower significance for the measured values. Thus, even though the CL con-
centration can be measured relatively reproducibly (with relative standard deviation of 1-11%), the error is 
relatively much larger for the small IPL concentration derived by subtraction.
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Figure 2. Concentrations of GDGT crenarchaeol (µg/g sediment dry weight) as determined from 
ASE, Bligh-Dyer and Soxhlet extraction, applying two quantification methods of a composite 
Arabian Sea Bligh-Dyer extract. Labels ‘Sep’ and ‘Subtr’ refer to CL and IPL-derived crenarchaeol 
measured after separation over silica (Pitcher et al., 2009) and to the ‘subtraction method’. Data 
presented are the means of triplicate extractions and error bars indicate ± standard deviation.
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3.2 Effect of extraction methods on distributions of IPL-crenarchaeol
Two sediments from the Arabian Sea and the Icelandic shelf, and a microbial mat from Schiermonnikoog 
were directly analyzed for three crenarchaeol IPLs, i.e. MH-, DH- and HPH-crenarchaeol (Fig. 1b; cf. Pitcher 
et al., 2011b). The extraction yield of DH- and HPH-crenarchaeol was systematically significantly different 
between methods for the two sediments and the microbial mat (Fig. 3). 
For all samples, HPH-crenarchaeol was clearly present in highest amount in the Bligh-Dyer extract, but at one 
Figure 3. IPL crenarchaeol abundance (SRM peak area/ g sediment dry wt) directly analyzed 
with HPLC/ESI-MS2 using different extraction methods for (a) Arabian Sea sediment, (b) Icelandic 
shelf sediment, (c) Schiermonnikoog microbial mat. Data presented are the means of triplicate 
extractions and duplicate analysis and error bars indicate ± standard deviation (MH, monohex-
ose; DH, dihexose; HPH, hexose, phosphohexose).
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to four orders of magnitude lower concentration (microbial mat, Iceland shelf sediment) and not detectable in 
the ASE extract and two to three orders of magnitude lower in the Soxhlet extract of the Arabian Sea and Ice-
land sediments and the microbial mat. The highest recovery of HPH-crenarchaeol using Bligh-Dyer extraction 
is likely due to the higher temperatures at which the ASE and Soxhlet extraction were carried out (100 and 65 
°C, respectively), which caused degradation of the HPH-crenarchaeol, in contrast to the room temperature of 
the Bligh-Dyer extraction. It is also possible that the HPH-crenarchaeol attached irreversibly to the surface of 
the diatomaceous earth used in ASE or the extraction thimbles used in Soxhlet extraction. Another reason for 
the superiority of the Bligh-Dyer method might be the use of a phosphate buffer, which increases the polarity 
of the extraction solvent and allows better dissolution of HPH-crenarchaeol (cf. White and Ringelberg, 1998). 
Soxhlet extraction was slightly more efficient in extracting DH-crenarchaeol than Bligh-Dyer and ASE for 
both the Iceland shelf and the Arabian Sea sediments. The DH-crenarchaeol in microbial mats was below de-
tection limit in microbial mat samples for all extraction methods. It had a yield for the ASE of only 10-20% 
of those of the Soxhlet and Bligh-Dyer extracts for the Arabian Sea and the Iceland Shelf sediment, while it 
was not detected at all in the microbial mat samples. This suggests that this IPL is also to some degree affected 
by high temperature, the diatomaceous earth and/or absence of a phosphate buffer.
 The MH-crenarchaeol concentration in the Arabian Sea sediment was surprisingly unaffected by the extrac-
tion method as no significant differences were observed between the different treatments. However, it was 
present in slightly, but significantly, higher amount in the Bligh-Dyer than in the Soxhlet extract (but not the 
ASE extract) for the Iceland sediments, and both the Soxhlet and the ASE extracts for the microbial mat. It 
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ent work up procedures with identical 
aliquots of a large combined Bligh-Dyer 
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tracts shown in Fig. 3); SiO2, IPL fraction 
of extract eluted from a silica column 
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is possible that the MH-crenarchaeol is thermally more stable than the other IPLs or that it was produced by 
degradation of the other IPLs (e.g. HPH-crenarchaeol and DH-crenarchaeol) with its concentration thereby 
increasing. However, it is also the least polar IPL and so may be extracted more readily with apolar solvent 
mixtures.
Thus, although the amount of IPL-derived GDGTs from Soxhlet and Bligh-Dyer extraction of sediments is 
similar (this study, Fig. 2; Huguet et al., 2010), Bligh-Dyer extraction is essential for determining the full suite 
of IPLGDGT head groups. This is particularly relevant as GDGTs with a phospho head group are predicted 
to 
be more labile (Schouten et al., 2010) and so may be a more suitable marker for living Archaea. 
3.3 Effect of work-up procedures on IPL distribution
Extracts are commonly filtered over Na2SO4 to remove traces of water and salt, especially when liquid/liq-
uid extraction from an aqueous phase is involved. This procedure could also affect the distribution of IPLs. 
Furthermore, separation of IPLs over a SiO2 column could potentially lead to a bias in quantification of 
IPL-derived GDGTs if certain head groups adsorb selectively to silica or the glassware used (cf. Pitcher et al., 
2009) or are even degraded during elution over silica. Elution of Bligh-Dyer extracts over a Na2SO4 or SiO2 
column resulted in no significant changes for DH-crenarchaeol, a slight increase for MH-crenarchaeol and for 
HPH-crenarchaeol a reduction by ca. 80% vs. the untreated extract for Arabian Sea sediment (Fig. 4a). For 
Iceland shelf sediment, the same was true. HPH-crenarchaeol was significantly reduced (80%) after elution 
over a SiO2 column (Fig. 4b). Itprobably strongly adsorbs to SiO2 or Na2SO4,  or the glassware, or is degraded 
during elution. The effect is likely much less for DH- and MH-crenarchaeol as they possess the more stable 
glycosidic bonds and no charged head group. It is possible that some of the HPH-crenarchaeol is degraded to 
MH-crenarchaeol, as the amount of latter also increased slightly but significantly after elution over the col-
umn. However, the MH-crenarchaeol signal could also have been enhanced by the removal of the matrix and 
a subsequent decrease in ion suppression during the measurement. 
These results can be extrapolated to other GDGTs, as the head groups are likely to mainly determine the ad-
sorption properties and chemical stability of IPL-GDGTs. Our results imply that drying should be achieved 
solely bwitha stream of N2, without drying agent. Furthermore, indirect IPL-GDGT quantification using 
SiO2 column separation will alsp introduce an error as a result of the HPH-GDGTs being lost on the SiO2 
column. 
The ‘subtraction method’ (Huguet et al., 2010a) as discussed above would avoid elution of IPL-GDGTs from 
a column and instead consist of hydrolyzing the complete extract and determining the IPLs as the difference 
of the total GDGTs and the CL-GDGTs (Huguet et al. 2010). However, as shown here, the method also in-
troduces greater quantification error than for the SiO2 separation method (Fig. 2). Therefore, both methods 
have to be used with caution. The use of appropriate standards for direct quantification of IPL-GDGTs in the 
crude extracts can potentially resolve the dilemma of IPL-GDGT analysis. 
4 ConClusions
ASE, Bligh-Dyer and Soxhlet extraction are all suitable extraction methods for analyzing CL-GDGTs. As 
shown previously, ASE is not an effective method for extracting IPL-GDGTs.  Soxhlet and Bligh-Dyer extrac-
tion give similar yields, but the Soxhlet method showed a substantial bias for certain IPL-GDGTs, especially 
for HPH-GDGTs, which can be recovered mainly by way of Bligh-Dyer extraction. The latter method is 
therefore recommended for determining the full suite of IPL-GDGTs.
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Furthermore, no treatment should be applied to the extract as it will result in substantial loss of at least HPH-
GDGTs. Finally, quantification of IPL-GDGTs by subtracting the values before and after acid hydrolysis of 
the total lipid extract or by separation over a silica column gave similar results. However, problems with quan-
tification errors and a bias due to the adsorption of phospholipids, respectively, suggests that both methods 
have to be applied with caution.
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